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Satellite design, development, fabrication, testing and entry into service is a
complex process. Each step of this process involves intricate steps to achieve the
desired objective. This thesis summarizes a study relating to the area of development
and testing of microsatellites to support qualification and eventually preparing a
spacecraft for spaceflight. Students in the Space Systems Engineering laboratory
(SSE Lab) in the Aerospace Engineering Program are in the process of developing a
pair of microsatellites for a technology demonstration in space.
After the initial design of the spacecraft is completed in the design phase a
significant amount of time is spent on gaining confidence in the design. Various
mathematical models are developed to represent the system and to verify its func-
tionality. In the case of the primary structure of microsatellite a finite element model
(FEM) is used to predict the behavior of the satellite structure and to verify strength
requirements of design before its fabrication. Finite element model its application and
results obtained form the majority of this thesis after which concentration is given
to the testing phase of the microsatellite. After gaining confidence in the design and
fabrication of the components it is important to validate the structure by subjecting
it to structural testing. Structural testing is the only means to gain confidence in the
design and certifying it for spaceflight. The results obtained from testing show how
closely mathematical model (FEM) represents the physical system and provides an
important learning experience for the satellite team and to help better understand
and improve the design of the next generation of satellites on campus.
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1. INTRODUCTION
The Space Systems Engineering Laboratory (SSE-Lab) at the Missouri Univer-
sity of Science and Technology is in the process of designing, analyzing, manufacturing
and commissioning its first microsatellite, M-SAT (Missouri-Satellite). M-SAT con-
sists of two microsatellites, named MR SAT (Missouri-Rolla Satellite) and MRS SAT
(Missouri-Rolla Second Satellite), which will fly a close formation flight technology
demonstration mission along with several other novel technologies in the fields of
propulsion, orbit determination, ADAC (Attitude determination and control) and
BlueTooth technology. This thesis presents the structural analysis using the finite
element method and environmental testing of an M-SAT configuration as completed
by the author as a member of the SSE-Lab.
The life of a space vehicle is characterized by complex and physically stressful
environments. During transport, lift-off and ascent into orbit, when conditions are
most extreme, the combined systems of launch vehicle and payload operate under in-
tense acoustic noise, broad temperature gradients, shock loads and vibration. Despite
the wealth of historical spaceflight data available, the unique nature of launch condi-
tions presents a challenge in mission planning. Every new component, new process,
or new technology introduces uncertainty in the prediction of structural response to
dynamic loading environments and therefore requires thorough analysis and testing.
In the satellite development process, structural analysis and testing is a means
to gain confidence in the design to ultimately support qualification of the spacecraft
for flight. In general the design process involves finite element analysis where several
load cases are evaluated to gain confidence in the design which leads to manufacturing
of the components and integration of satellite after this physical testing is performed.
A typical structural test plan might incorporate:
• A static test to qualify the strength adequacy of the primary structure and its
critical interface points
• A modal survey or sine vibration test to determine natural frequencies of the
structure (at which it will exhibit a large amplitude of motion for a small input
force), its mode shapes, and damping characteristics
2• A shock test to simulate launch vehicle staging
• An acoustic test or random vibration test to support verification of the space-
craft against the intense acoustic pressure loads during launch and ascent
• Sine vibration tests to qualify the adequacy of the structure when exposed to
excitation from the launch vehicle
This study focuses on the finite element process used in spacecraft structures
as it relates to the design process and standard practices for structural qualification
and acceptance testing.
1.1. DESIGN LOADS AND LIMITATIONS
The spacecraft flight to orbit is characterized by a series of extreme environment
conditions. It is important to describe these conditions to facilitate further under-
standing of the content of this thesis. Although there are numerous environmental
conditions that need to be understood here, only the ones which contribute to me-
chanical loading of a spacecraft are introduced in brief. A detailed account of loads
concerning M-SAT is given in Section 3 and to keep this introduction brief. The
variety of mechanical loads are not all equally important and depend on the type
of structure, i.e., does it concern primary components or secondary structural items
such as instruments, antennas, component boxes, solar panels etc.? Preparation be-
fore flight and orbital operations required all lead to variety of constraints due to
loads they lead to, such as:
Natural Frequency: The natural frequency is a governing design requirement for
all parts of spacecraft. This is not a load but is more a restriction in order to
limit the dynamic coupling of the spacecraft to the launch vehicle.
Semi-Static and Low Frequency Sinusoidal Loads: Design of primary structure
is determined to large extent by the semi-static and low frequency sinusoidal
loads (up to approximately 50 Hz.)[2].
Sinusoidal and Random Loads: To a large extent these loads govern the design of
structure. Sinusoidal and random loads generally drive the strength requirement
as they tend to dominate in the overall load regime of structure.
3Acoustic Loads: Light components with relatively large area are more sensitive to
acoustic loads than random or base excited loads.
Shock Loads: Deployable structures tend to experience high shock loads, for exam-
ple during staging of rockets and separation of the spacecraft from the launch
vehicle.
Temperatures: Temperature variations in orbit are extreme and these cause high
thermal stresses in structures. Thermal deformation can cause loads to be
developed in regions where components interface.
1.2. FINITE ELEMENT ANALYSIS
Once initial sizing and design of spacecraft is completed, it’s necessary to char-
acterize its strength and stiffness characteristics. Since spacecraft structures are
complex and unique to each mission it’s extremely difficult to apply pure analyti-
cal methods for strength characterization; therefore the finite element method is used
extensively to gain confidence in design. There are many software applications com-
mercially available for finite element analysis. The finite element analysis (FEA)
performed in this study was done using ANSYS software [4]. There are many impor-
tant points for consideration during finite element analysis, including:


















A detail discussion of each of the aforementioned points can be found in Section
6 which describes in detail the finite element process and results obtained from finite
element analysis as applied to nanosatellite structure.
1.3. STRUCTURAL TESTING
Once the design, analysis and manufacturing of spacecraft components are com-
pleted, it is necessary to validate and to qualify components for spaceflight; this is
achieved by structural testing. There are several types of test that are performed on
spacecraft. The following mechanical test are just an introduction, the specification
of test and tests performed on M-SAT structure are described in Section 3; results
and details of testing are cataloged in Section 7.
Static Test: The static test is use to provide insight into strength of structure, crit-
ical structural joints and interfaces. The static test is completed by subjecting
structure to static loads, by a centrifuge test or quasi-static testing on shaker
to facilitate the load introduction.
Modal Survey: The Modal survey test (or Modal) analysis as commonly known
is used to determine modal characteristics of the spacecraft, i.e., natural fre-
quencies, damping , mode shapes, etc. This test is performed by exciting the
5structure with small exciters or by shaker table excitation. Since applied exci-
tation forces are small and only compensated by damping, high responses can
be archived. The results of this test are used to determine the compatibility of
spacecraft with the launch vehicle.
Shaker Vibration Swept Sine Test(SST): The main purpose of SST is to qual-
ify the spacecraft structure subjected to the dynamic environment and to ver-
ify the adequacy of spacecraft systems by performing functional test after the
spacecraft system qualification and flight acceptance test. Swept sine test is
performed with help of the shaker. Sine vibration test supports the verification
of mathematical model used in frequency response prediction. It is very use-
ful in determining the dynamic amplification response of the structure due to
excitation of structural resonant frequency.
Shaker Vibration Random Test: The random test supports the verification of
the structure’s behavior in random dynamic loads that maybe experienced dur-
ing spaceflight. This is performed using a shaker. The random loads are gener-
ally caused by acoustic excitation of spacecraft.
Shock Test: Shock test is used in verification and qualification of spacecraft struc-
ture and instruments packages subjected to shock loads. Shock loads generally
result due to pyrotechnics and latching. Examples of this load include septation
of secondary structure form the primary, release of booms , antennas and solar
panel deployment.
Many loads occur simultaneously e.g. turbulence, engines switch off, noise etc.
There is currently no test equipment available to apply all of these loads simulta-
neously. The lack of equipment capable of applying all of the important loads si-
multaneously has led to more stringent strength requirements, calling for significant
higher loads than the loads that are actually experienced in the serviceable life of the
spacecraft.
1.4. PURPOSE
The subject of this thesis is concerned with the finite element analysis and en-
vironmental vibration testing of a microsatellite structure designed and built in the
6Space Systems Engineering Lab (SSE Lab), Missouri University of Science and Tech-
nology (Missouri S&T) in Rolla, Missouri. The satellite placed third out of eleven
entries in the 2007 University Nanosat Program (UNP) Nanosat-4 competition, and
some of its secondary structure and original components were incorporated into an
iterated design for the 2011 Nanosat-6 campaign. The UNP is a two-year cyclic com-
petition sponsored by the Air Force Research Laboratory (AFRL), Air Force Office of
Scientific Research (AFOSR), and the American Institute of Aeronautics and Astro-
nautics (AIAA). The winning spacecraft from the competition is eligible for a launch
opportunity with the Department of Defense (DoD) Space Test Program (STP). A
finite element model used in structural response predictions was formulated for the
Nanosat-4 satellite. To this end, the following analysis and test were conducted:
• Static Strength Analysis
• Natural Frequency
• Harmonic Analysis
• Sine Sweep to demonstrate the fixed-base natural frequency of the satellites and
to detect structural damage during testing, should any occur.
• Sine Burst to induce the quasi-static qualification loads, and in doing so, qualify
the strength of the structure.
• Random Vibration to ensure primarily that the spacecraft and component boxes
can withstand loads experienced during launch. The test results can be extrapo-
lated to predict the dynamic behavior of the microsat design. The test planning,
execution, and results are presented herein, as performed by the author with
current and previous members of the Missouri S&T Satellite (M-SAT) Struc-
tures subsystem.
1.5. THESIS ORGANIZATION
Following the introduction, this work is organized into seven additional parts.
• Section 2 focuses on work accomplished and historical account in areas of finite
element analysis and vibrational testing.
7• Section 3 opens with a brief description of loads and test cases considered for
analysis.
• Section 4 is designed to familiarize the reader with universities micro satellite
Missouri Satellite (M-SAT).
• Section 5 presets details on isogrid that were used in the design; it also covers
basic analysis of isogrid and transformation of isogrid to equivalent isotropic
material properties.
• Section 6 presents the philosophy and implementation of the finite element
analysis and results.
• Section 7 presents a brief overview of testing and its result.
• Section 8 presents concluding remarks, future work and analytical method to
analyze spacecraft structures.
82. LITERATURE REVIEW
Before discussing the structural analysis of microsatellite, it is important to
understand the advances leading up to this effort. The following summarizes devel-
opments in field of satellites, finite element analysis of satellite structure and vibration
testing of satellite structure.
2.1. SMALL SATELLITES
Space had been ultimate destination for mankind until October 4, 1957 when
history was created, when the Soviet Union successfully launched Sputnik I. The
world’s first artificial satellite was about the size of a basketball, weighed only 183
pounds (83 kg), and took about 98 minutes to orbit the Earth on its elliptical path.
That launch ushered in new political, military, technological, and scientific develop-
ments. While the Sputnik launch was a single event, it marked the start of the space
age [5]. This lead to creation of the National Aeronautics and Space Administration
(NASA)[5] The first satellites, built in the late 1950s, were small (the first US satel-
lite, Explorer 1, weighed approximately 15 kg) primarily because launch vehicles were
limited in the payload mass they could deliver to orbit [6].
For the next couple of decades after Sputnik 1, launch capability grew along with
spacecraft size and mass. Missions became more ambitious as technology evolved.
Spacecraft were designed with long development times and price tags exceeding one
billion dollars [7]. Small satellites with limited capabilities were also being designed
throughout, but were not the focus of spaceflight programs.
By the mid 1980s technology had advanced in the field of microelectronics,
allowing scientists and engineers to design smaller satellites to perform some of the
same jobs as previous large-scale, high-mass missions. These technologies began to
facilitate relatively lower mass, lower cost missions. The early 1990s brought about a
change in the strategy for access to space. A downturn in satellite mission mass and
power was caused by a number of factors including developments in technology and
the decreasing NASA budget [8]. Small satellites began to become more practical
and popular.
9Many of these small satellites are designed to perform as groups, or formations,
of small satellites. Each small satellite may have limited capability, but as a group
may function as well as or better than a single large spacecraft. Replacing a large,
complicated satellite with an array of small satellites reduces cost and risk failure.
If one or two small satellites in a distributed network fail, the others can be repro-
grammed to pick up their workload until replacements can be launched [9]. Also, the
greater number of satellites in the array translates into greater experience of operation
and hence greater reliability [9].
Potential applications for small satellites are boundless. An array of small satel-
lites in low Earth orbits (LEO) could provide fully connected continuous communica-
tions. The small satellites used in these distributed space system and other clusters
consist of large numbers of satellites randomly distributed in their orbit plane with-
out the use of propulsion to maintain their fixed relative positions. A cluster of 400
satellites in LEO could provide 95% coverage of the Earth. The loss of one or even
twenty of the satellites only minimally affects the cluster’s effectiveness and would be
inexpensive to replace [10].
For the measurement of rapidly varying fields over astronomically significant
baselines, one large satellite cannot do the job of many small satellites. By flying
tens to hundreds of small satellites in varying orbits, phenomena can be observed.
Examples include the charged-particle environments and magnetic field variations of
the Earth and Sun. Small satellites are ideally suited for solar observations because
high energy orbits are needed, so the low mass of a small satellite is a significant
benefit[10][6].
Small satellites are broadly defined as satellites weighing less than about 500 kg
[10]. Small satellites are currently categorized into the four sizes. The categories have
not yet been formally defined, but the following categories have been widely accepted
[10].
The four classifications are:
• Picosatellite (Picosat): 0.1-1 kg
• Nanosatellite (Nanosat): 1-10 kg
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• Microsatellite (Microsat): 10-100 kg
• Minisatellite (Minisat): 100-500 kg
2.2. FINITE ELEMENT ANALYSIS OF SPACECRAFT
The finite element method originated from the need for solving complex elas-
ticity and structural analysis problems in civil and aeronautical engineering. Roots
of finite element analysis can be traced back to the 1940s in the works of Alexander
Hrennikoff (1941) and Richard Courant (1942) [11]. While both pioneers use different
approaches, they fundamentally share one common characteristics with present finite
element methods: mesh discretization of a continuous domain into a set of discrete
sub-domains, usually called elements. Olgierd Zienkiewicz from Imperial College
gathered those methods developed by Alexander Hrennikoff and Richard Courant
together into what is now called the Finite Element [12]. Development of the finite
element method began in earnest in the middle to late 1950s for airframe and struc-
tural analysis [13] and gathered momentum at the University of Stuttgart through
the work of John Argyris and at Berkeley through the work of Ray W. Clough in the
1960s for use in civil engineering. By late 1950s, the key concepts of stiffness matrix
and element assembly existed essentially in the form used today. NASA issued a
request for proposals for the development of the finite element software NASTRAN
in 1965 [14]. The method was again revised with a rigorous mathematical foundation
in 1973 with the publication of Strang and Fix’s An Analysis of the Finite Element
Method, [15] and has since been generalized into a branch of applied mathematics for
numerical modeling of physical systems in a wide variety of engineering disciplines,
e.g., electromagnetism, piezoelectric, thermal and fluid dynamics [16].
Finite element analysis has developed in parallel to the needs of the aerospace
industry. A significant amount of analysis is carried out even before a single compo-
nent of a complex system is manufactured. When Boeing started the development
of its B777 aircraft it was skeptical of using CAD [17][18]. Boeing was initially not
convinced of CAD’s abilities and built a physical mock-up of the nose section to verify
its results. The test was so successful that additional mock-ups were canceled and
thus 777 became the first commercial aircraft to be designed entirely on the computer
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[17][18]. Although Boeing used CAD mainly for assembly and integration purposes
to avoid rework, a significant amount of time was spent on finite element analysis the
of structural components [17]. Since the early days of finite element analysis in 1960s
when NASA mainly used to solve large matrices using Nastran, FEA has now become
integral part of aerospace industry. It has become one of the most widely used tool
in design and development of products.
At industry level with high computational power and resources finite element
analysis is used at large [10]. At university level however the use of FEA and CAD has
been limited to modeling. Finite element analysis has been used to predict strength
under static loads and natural frequency of structure [19]. FEA has seldomly been
used to perform dynamic analysis and optimization. This work seeks to establish
simplified process of both static and dynamic analysis to fulfill the needs of design for
M-SAT microsatellite and serve as a guide to other future programs and universities.
2.3. VIBRATION TESTING
Vibration testing has existed since the early days. The process of testing mainly
focused on identifying structural resonance and to ensure the structure has sufficient
strength. Environmental testing of components and systems has taken place since
the early days of aircraft design and production but really came of age during the
early years of the jet aircraft. Since the vibration environment of early piston-engined
aircraft was primarily tonal, sine testing and swept sine testing closely simulate actual
flight conditions. However with introduction of practical jet engines in mid 1940s led
to jet-powered aircraft [20]. Jet aircraft fly at higher speeds where aerodynamic forces
generate broadband vibration, so it became necessary for the testing requirements
and technologies of the time to evolve dramatically. When the Russians put Sputnik
in orbit in 1956, the aircraft industry had in place advanced methods of vibration,
shock, aerodynamic and thermal testing; however, testing of hardware that would be
exposed to space opened a new era in environmental testing. The dynamics test field
needed only minor adjustments to transition from aircraft testing to launch vehicle
testing [21].
The Jupiter C rocket that was used to launch the first US satellite Explorer I,
has its origins in the United States Army’s Project Orbiter in 1954 [22]. Since it was
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designed to propel conventional or atomic warheads, the Redstone was required to be
an extremely accurate and reliable missile, and its propulsion and guidance systems
underwent an extensive inspection and test program at the Army’s Redstone Arsenal.
Construction of the first rocket test stand was completed in 1953, and the first
test firings of the Redstone were held in April of the same year. These humble test
grounds stemmed from an inflexible law stating that no funds for research and de-
velopment could be spent on facility construction. Rather than waiting for funding,
Redstone engineers designed the interim test stand for $25,000 (which was the maxi-
mum amount allowed without Congressional approval).
Before each test firing, an instrumentation crew placed transducers at strategic
locations within the rocket. Data from the transducers traveled along cables to an
instrumentation tank, and provided a record of critical temperatures, pressures, flow-
rates, and vibrations during the run. For the first two years, test runs lasted no more
than 15 seconds, but after expansion and strengthening of the stand, some runs lasted
up to 120 seconds [23].
In 1964, a dedicated dynamic test stand was constructed at Marshall Space
Flight Center to conduct mechanical and vibration tests on the fully assembled Sat-
urn V rocket. The Saturn V, which was used in the Apollo and Skylab programs, was
one of the most reliable launch vehicles ever built. This was due in part to the imple-
mentation of stringent reliability and quality assurance programs in its manufacturing
processes, as well as an exhaustive ground test program. During testing, the vehicle
rests on hydrodynamic supports that provide a maximum of six degrees of freedom
of movement. Vibration loads can be induced in the pitch, yaw, or longitudinal axis
to obtain resonant frequencies and bending modes [24].
After completion of the Saturn V program, the stand was modified for use in
dynamic tests of the Space Shuttle. Figure 2.1 shows the Orbiter Enterprise being
removed form the test stand in 1978 after the Mated Vertical Ground Vibration Test
(MVGVT), marking the first time that the Orbiter, External Tank (ET), and two
Solid Rocket Boosters (SRB) were mated together [25]. Most recently, the facility
was used in dynamic tests of the Ares I launch vehicle [26]. Figure 2.2. Space Shuttle
Enterprise in the Dynamic Test Stand [26]. The vibration testing of payload space-
craft evolved significantly under the Apollo program. In the early years of unmanned
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flight, high priority went to setting up a program for the one-time qualification of a
component or system design and to oversee manufacturer execution of the program.
These qualification tests factored in the expected environments during storage, trans-
portation and handling, ground-test duty cycles, and two-mission duty cycles. After
the unmanned flight program began, actual measurements were used in adjusting
vibration qualification levels.
Figure 2.1. Shuttle Orbiter
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Figure 2.2. Shuttle Enterprise
For the first 50 years of space travel, conventional methods for vibration testing
remained similar. However, they often proved ill-suited for lightweight and sometimes
delicate aerospace equipment. In recent years, the increased use of optical components
has levied a new set of cleanliness requirements on environmental test laboratories.
During the fabrication and test programs for the Hubble Space Telescope, many new
innovations were necessary due to the contamination control requirements developed
by the project scientists. Even a shaker table located in a class 10,000 clean room is
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surrounded by enough oil vapors in its vicinity to contaminate sensitive optical equip-
ment. To prevent this occurrence during vibration testing, articles can be wrapped in
clean static dissipative material while a purge of high purity nitrogen gas is introduced
[21].
In some cases, vibration test levels have been too demanding, and equipment
that could have survived spaceflight has failed during ground tests. To address this
problem, NASA flew the Shuttle Vibration Forces (SVF) experiment onboard STS-90
in 1998, and again onboard STS-96 in 1999, to measure the dynamic forces between
the Shuttle and a standard getaway special (GAS) canister attached to the Orbiter’s
payload bay wall. SVF was designed to validate, what was at the time, a new vibration
test method that involved limiting the force of the shaker table test to the force
expected during flight. The procedure of force limiting makes vibration tests more
realistic by simulating the impedance characteristics of the mounting structure during
shaker table testing, and as a result, would enable NASA to fly more sophisticated
equipment on Space Shuttle missions. Commercial tri-axial force transducers were
incorporated into four custom brackets, which replaced the brackets ordinarily used
to attach a GAS canister to the Orbiter’s sidewall, and two accelerometers along
with signal processing and recorders were located within the canister. The SVF
experiment was a self-supporting payload, meaning it was battery-powered, and the
data were recorded within the payload without the need for crew interface. The SVF
payload was activated automatically by Orbiter liftoff vibrations and operated for
approximately 240 seconds. Results from the second SVF experiment validated the
methods being used by NASA for force limiting [23]. Today, spacecraft assembly,
integration, and test are driven more and more by production demands. Especially
in the case of distributed space systems, where multiple spacecraft must undergo
vibration testing within the same program, the approach in test set-up, procedures,
and collection and analysis of results must be redefined to optimize the time and
resources available. Streamlining the test flow might involve using more than one
shaker table to perform dedicated activities, or combining acoustic and vibration
tests to reduce the time and manpower devoted to configuration and handling.
The roles of test and analysis should be viewed as complementary. As testing
tends to be expensive and time-consuming, it is important to use analysis in the
16
planning stages to improve efficiency, and afterward, to extend the results to other
loading and hardware configurations. An adequate mathematical model is of great
importance to the prediction of displacements, loads, and stresses resulting from
vibratory inputs to the structure, and also provides test operators with an idea of
potential risks. Moreover, analytical models are useful in the initial design stages, as
they save time, and pose no risk to equipment or resources.
Given these benefits, in the present culture of “faster, better, cheaper,” there
is a trend in the aerospace industry to rely more on analysis and less on structural
tests. It is anticipated that test results will verify analytical predictions, but often
this is not the case. Experience has shown that only a well-balanced test program
can instill confidence in delivered hardware [23].
2.4. THESIS CONTRIBUTION
The topics covered in this thesis relate to the structural analysis and struc-
tural testing of a university-level microsatellite. The work completed by the author
as member of the SSE-Laboratory can hopefully assist other university programs in
establishing a structural analysis and testing strategy for a small satellite. The Cube-
Sat, industry and small satellite developers may also benefit from the lessons learned
throughout the work on the M-SAT project.
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3. SPACECRAFT DESIGN LOADS
The main focus of this section is to provide a through review of design loads.
This section serves as a basis to define the loads considered in finite element analysis
and structural testing. Spacecraft experience a variety of loads from final integration
to entry into service in orbit. Spacecraft also encounter a variety of shock and random
loads during launch such as engine ignition, shutdown, vehicle staging and separation.
Table 3.1 lists the operational phases of a space vehicle and the possible sources of
vibration in each phase [2].
Table 3.1. Loads Experienced by Spacecraft[2]
Not all mechanical loads are equally important; rather, they depend on the
type of structure under consideration, such as the primary structure (i.e. support
panels) or the secondary structure (i.e. solar panels, antennas, instruments, and
electronic boxes). For example, secondary structures with large surface areas, such as
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solar panels, are particularly sensitive to random vibration. Furthermore, the loads
encountered during flight depend not only on the external environment, but also
on the structural properties of the spacecraft. For instance, the magnitude of loads
transmitted from the launch vehicle to the payload is a function of both the vehicle
design and the launch configuration.
3.1. ENVIRONMENTAL LOAD CASES
There are three types of environmental loads that must be considered in the
structural analysis:
Limit Loads: Table 3.2 provides a generalized design limit load factors for Mi-
crosatellites. These loads take into account the worst-case launch load envi-
ronment, which is a combination of steady state, low frequency, transient loads
and high frequency vibration loads. The load factors are in g’s and are applied
on each components major axis, independently. All accelerations are applied
through the center of mass of the analyzed component.




Pressure: For all pressurized and vented containers stresses resulting from internal
or external pressure loads must be superimposed on stresses resulting from limit
and thermal loads. According to NASA Payload Verification requirement NSTS
14046, in circumstances where pressure stresses have a relieving or stabilizing
effect on structures, the minimum guaranteed value of the relieving pressure
is to be used to determine the stress relief [1]. To be conservative, pressure
stresses can only be combined with mechanical and thermal stresses when they
are additive.
19
Thermal: Thermal stresses are only to be combined with mechanical stresses and
pressure stresses when additive. Thermal stresses are not used for stress relief
in this analysis.
In general these different loads can be summarized as load cases for finite element
analysis. The stress analysis is required to address load cases 1A to 2F listed in Table
3.3.





















Load Case 1 Limit Loading : Load Case 1 includes all permutations of positive
and negative 20G loading, and ensures that maximum tensile and compressive
stresses are accounted for in the analysis.
Load Case 2 Test Loading: Load Case 2 ensures that the applied test loads do not
result in permanent deformation or structural failure. It is prudent to complete
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a separate load case summary for the test loads, as higher margins of safety
are appropriate for the test loading (a known loading that the satellite will
experience).
Load Case 3 Pressure Loading: For pressurized or sealed compartments, maxi-
mum design pressures should be used to calculate stresses for superposition on
other load cases. If pressure loads result in stress relief, then minimum guar-
anteed pressure may be used to calculate relief stresses as per NASA Payload
Verification requirement NSTS 14046 [1]. Vented compartments should limit
pressure loading to less than 0.5 psi.
Load Case 4 Thermal Loading: Thermal stresses should be calculated based on
the maximum and minimum temperatures expected (plus margin) to which the
payload is subjected. Maximum and minimum temperatures values are based
on a nanosatellite thermal analysis conducted by the thermal subsystem.
3.2. TEST LOAD CASES
3.2.1. Sine Sweep. According to the UNP design requirements the satellite
must be engineered with fixed-base natural frequency above 100 Hz. This requirement
is to ensure that overall payload stiffness is greater than 50 Hz after integration with
the launch vehicle, as most launch vehicles have a very low natural frequency. Table
3.4 shows the natural frequencies requirement for payloads for three common launch
vehicles [2].
To qualify M-SAT for launch, a sine sweep test needs to be performed. The sine
sweep requirement are based on M-SAT testing requirements [27]. The acceptance
tests need to be performed at 20 Hz to 2000 Hz at 0.25 g with a sweep rate of 2
oct./min. Sine sweep tests will also be used as a means of verifying whether the
structure survived sine burst and random vibration testing without damage. There-
fore, sine sweeps will be performed before and after sine burst and random vibration
tests along each axis at the same level.
3.2.2. Sine Burst. The sine burst test was developed by NASA GSFC in
order to induce a quasi-static qualification load [28]. This test is used in qualifying
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Table 3.4. Natural Frequencies of Launch Vehicles





Payload ≤ 4500 kg 31
Payload > 4500 kg 27
the strength of the structure. The sine-burst test input signal is a acceleration which
is composed of sinusoid signal and is given by
gsb = f(t)Asb sin(2pifsb) (1)
where f(t) is a gradient filter placed on amplitude Asb. The fsb frequency
indicates how the sine burst is executed. Since the test is intended to impart a quasi-
static load to the test structure, the test frequency must be below the fundamental
resonant frequency of the test item. As a general guideline, the test frequency should
be less than one-third the test structure’s resonant frequency (fn) to avoid dynamic




A sample sine burst function for a test frequency of 30 Hz and amplitude of 24
g acceleration is shown in Figure 3.1 and the code used to generate this function can
be found in Appendix A. According to requirements of M-SAT testing, the sine burst
test needs to be performed at a level 1.2 times the limit load and at a frequency that
is one-third the lowest natural frequency of the test article [27].
3.2.3. Random Vibration. Some load environments must be treated
as random phenomena, when the forces involved are controlled by non-deterministic
parameters. Examples include high frequency engine thrust oscillation, aerodynamic
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Figure 3.1. Sample Sine Burst Function
buffeting of fairing, and sound pressure on the surfaces of the payload. According
to nanosat design requirements, the satellite needs to be engineered such that it can
survive the launch vehicle aeroacoustic environment without failure. The input during
a random vibration test consists of a signal between 20 Hz and 2,000 Hz, which is
the typical random vibration frequency range of most launch vehicles [2]. A test is
specified by the acceleration spectral density (ASD), of the input acceleration, as well
as by its time duration. According to the M-SAT test plan the random vibration test
must be performed for two minutes. Table 3.5 and Figure 3.2 represent the random
test specification [27].
The Grms is the root-mean-square acceleration (or rms acceleration) and is the
area under the curve of Figure 3.2 and it is calculated as follows.
First, an octave is the doubling of the frequency. Thus going from 1 Hz to 2 Hz
is an octave, and going from 1000 Hz to 2000 Hz is also an octave. Thus, the number
of octaves could be estimated from [29] [30]
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Where FH is the higher frequency and FL is the lower frequency. Next the
decibel ratio of ASD (acceleration spectral density) is calculated using




Again here the ASDH and ASDL are the ASD associated with higher and lower





Then the area under the curve is calculated using
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Table 3.5. Random Vibration Acceleration Spectral Density
















or when m = −3.0103
A = ASDL · FL · ln(FH
FL
) (7)




3.2.4. Shock Test. Separation of rocket stages, septation of satellite from
launch vehicle, deployment of solar panels etc will all induce very short duration loads
in the structure of satellite these are all classified as shock loads. The duration of the
shock load is generally very short with respect to the duration associated with the
frequency of load. The effects of a shock load are represented by a Shock Response
Spectrum (SRS). The SRS is a plot that shows the responses of a number of single
degree of freedom (SDOF) system to an excitation. The excitation is usually an
acceleration time history. The microsatellite needs to be designed to withstand the
launch vehicle shock environment without failure. The system needs to be tested to
the levels shown in Table 3.6 and Figure 3.3 [27].
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Figure 3.3. Shock Spectrum - Representative Test Levels
Table 3.6. Shock Spectrum Test Levels






3.3. FACTOR OF SAFETY
The factors of safety required for structure is 2.0 for yield and 2.6 ultimate.
The stress analysis needs to be performed in sufficient detail to show that the design
factor of safety (FS) is met or exceeded.
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All stress analyses need to incorporate methods and assumptions consistent
with standard aerospace practices. Factors of safety need to be calculated to all the
load cases given in Table 3.3 using Equation 9. Factors of safety shall be applied to






3.4. MARGIN OF SAFETY
For each critical structure detail, a margin of safety (MS) needs to be calculated
for the critical load case (i.e., the load case resulting in the highest combined stress).
The margin of safety is calculated using Equation 10,
MS =
Allowable Stress
FS × Actual Stress − 1 ≥ 0 (10)
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4. MICROSATELLITE STRUCTURE OVERVIEW
Satellite design begins with a top-level mission requirement followed by several
system engineering studies to determine factors such as orbit of operation, power re-
quirement, propellant required etc. In addition to the mission constraints, size and
mass restrictions are essential for reducing the costs associated with launching a satel-
lite into orbit. This section begins with an M-SAT microsat overview that describes
the restriction on design followed by the configuration of satellite components and
material.
4.1. MICROSATELLITE OVERVIEW
The Missouri Satellite (M-SAT) team at Missouri S&T is working toward the
design, construction, and launch of a microsatellite pair that will demonstrate novel
Guidance Navigation and Control (GNC) methods, developed at Missouri S&T, for
performing autonomous formation flight. The spacecraft consist of two microsatellite
structures, Missouri Rolla Satellite (MR SAT) and Missouri Rolla Secondary Satellite
(MRS SAT).Once the satellite is placed in desired orbit, MR SAT and MRS SAT are
designed to decouple, and MR SAT enters a chase mode to establish a close-formation
flight with MRS SAT. Figure 4.1a shows the satellites docked as they would be on
launch vehicle. Figure 4.1b is representative picture of the satellites as they would
appear in orbit.
Figure 4.1. MR SAT and MRS SAT: Stowed (left) and Deployed (right)
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The use of multi satellites offers a variety of advantages over a traditional satel-
lite, in which all hardware is enclosed in a single structure. Multiple satellite units
allow for mission-essential equipment to be spread among several spacecraft, greatly
reducing the chances of a critical failure.
4.2. MICROSATELLITE DESIGN CONSTRAINTS
Once the M-SAT mission objectives were determined, a list of design constraints
and requirement are prepared. Some of these are governed by the launch vehicle, while
others just arise because of the M-SAT mission objectives. The design constraints
and goals are summarized in Table 4.1 [6].
4.3. M-SAT STRUCTURE
4.3.1. Primary Structure. The primary structure essentially acts as the
backbone of the spacecraft, mechanically supporting the systems and instruments
and ensuring components remain aligned during flight. A cylindrical or spherical
design maximizes the available volume, while a cube shaped structure would allow
for easy integration and attachment of components. Trade studies were performed by
the M-SAT team on shape of the structure, a hexagonal shape was determined to be
the best compromise. The structures of MR and MRS SAT are shown in Figures 4.2
and 4.3, respectively. The top, bottom, and side panels of MR and MRS SAT were
modeled in an isogrid pattern, as this reduces the structural mass while maintaining
adequate strength and stiffness. The side panels of MR SAT and MRS SAT are shown
in Figures 4.4 and 4.5 respectively. Furthermore, the nodes of the isogrid panels serve
as attachment points for secondary components. For both MR SAT and MRS SAT,
brackets were designed at a 120 degree angle for attaching the side panels to each
other, and at a 90 degree angle for connecting the side panels to the top and bottom
plates. Corner brackets were machined and positioned at every corner. The bracket
connections are shown for MR SAT in Figure 4.6. The 120o brackets were designed
to attach on the outside for ease of assembly. All other brackets used to connect
the primary structure are fastened from the satellites’ interiors. Primary structural
components were attached using #10− 24 stainless steel socket head cap screws and
lock nuts. Components were attached to the isogrid panels using #8 − 32 stainless
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Eccentricity Approx Zero 0
Inclination 39o 56o or higher
Life Total time in
orbit
2 weeks 2 years
Structure
Shape Right cylinder Hexagonal
Dimension(cm) ≤ Dia. 60 x 50 Dia. 55 x 45
Mass(kg) ≤ 50 40
Natural Fre-
quency(Hz)
















F.S Yield ≥ 2.0 N/A

























steel socket head cap screws and lock nuts. All structural components were machined
at Missouri S&T.
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Figure 4.2. MR SAT Structure
Figure 4.3. MRS SAT Structure
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Figure 4.4. MR SAT Isogrid Panel
Figure 4.5. MRS SAT Isogrid Panel
32
Figure 4.6. MR SAT Brackets
4.3.2. Spacecraft Components. There are nine subsystems with compo-
nents which need to be integrated into the M-SAT primary structure. A comprehen-
sive list of those components is given listed in Table 4.2. Components listed in gray
were replaced with mass simulators during vibration testing and as equivalent masses
on isogrid nodes. Those listed in green had not yet been manufactured, or were not
included in the vibration testing assembly. Most of the components are identified in
Figure 4.12 and Figure 4.14.



































































4.4.1. Dimensions. The overall dimensions of the satellite test structure are
provided below in Figures 4.7 through 4.9. Dimensions are given in both millimeters
and [inches]. The outer dimensions of MR SAT are 434.1 mm [17.089 in] x 323.5 mm
[12.736 in]. The outer dimensions of MRS SAT are 378.0 mm [14.992 in] x 188.5 mm
[6.632 in]. The outer dimensions of stowed configuration of M-SAT are 434.1 mm
[17.089 in] x 489.8 mm [19.284 in].
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Figure 4.7. MR SAT Overall Dimensions
Figure 4.8. MRS SAT Overall Dimensions
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Figure 4.9. Docked Configuration Overall Dimensions
4.4.2. Materials. A critical step in the design process is the selection of
materials for spacecraft structure. The choice of material has significant consequences
on mass, machinability, operational conditions of the spacecraft, ability to retain
its shape etc. In order to meet the mission requirements, many lightweight and
durable materials are utilized in spacecraft structural design. Material selection is
integral part of the spacecraft design for structure to survive space environment. The
materials used must be lightweight with high yield strength and rigidity. The M-SAT
primary structure is constructed from 6061-T6 aluminum alloy, chosen for its high
strength-to-weight ratio, its workability, resistance to stress corrosion and cracking,
and its standard use in aerospace applications, making it inexpensive and widely
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available material. Properties for Al 6061-T6 are listed in Table 4.3 obtained from
the Military standard handbook for metallic materials and elements for aerospace
vehicle structures (MIL-HDBK-5H) [3].
Table 4.3. Mechanical and Physical Properties of Aluminum 6061- T651[3]
Aluminum 6061-T651
Mechanical Properties Thickness 6.35 mm - 50.8 mm [0.25 in - 2 in]
E 9.9× 103 ksi 68.26 GPa
Ec 10.1× 103 ksi 69.64 GPa
G 3.8× 103 ksi 26.2 GPa
ν 0.33
ρ 0.098 lb/in.3 2712.63 kg/m3
Ftu 42 ksi 289.58 MPa
Fty 36 ksi 248.21 MPa
Fcy 35 ksi 241.32 MPa
Fsu 27 ksi 186.19 MPa
Fbru
e/D = 1.5 67 ksi 461.95 MPa
e/D = 2.0 88 ksi 606.74 MPa
Fbry
e/D = 1.5 50 ksi 344.74 MPa
e/D = 2.0 58 ksi 399.89 MPa
4.4.3. Coordinate System. The coordinate system is defined with the X
axis passing through the center of bottom panel and corner formed by Panel 1 and
Panel 6; following the right hand rule the Y axis is defined at 90o to the counter
clockwise direction from the X axis and the Z axis is defined as orthogonal to X-Y
plane towards the top panel as shown in Figure 4.10.
This coordinate system is used to calculate the center of mass, which is used to
apply all loads mentioned in Section 3.
4.4.4. Center of Mass. The test structure mass properties are provided in
Tables 4.4 through 4.6. The Center of Mass is measured from the coordinate system
shown in Figure 4.10.
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Figure 4.10. Coordinate System
Table 4.4. MR SAT Mass Properties
C.M Moments of Inertia
Area 32,817.46 cm2 xc -2.20 mm IXX 454,558 mm
4
Volume 6,326.72 cm3 yc 15.77 mm IY Y 410,816 mm
4
Mass 19.63 kg zc 130.5 mm IY Y 458,117 mm
4
Table 4.5. MRS SAT Mass Properties
C.M Moments of Inertia
Area 17,900.5 cm2 xc 11.75 mm IXX 112,099 mm
4
Volume 3,072.413 cm3 yc -9.38 mm IY Y 124,197 mm
4
Mass 9.76 kg zc 83.55 mm IY Y 182,801 mm
4
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Table 4.6. Docked Configuration Mass Properties
C.M Moments of Inertia
Area 50,718.01 cm2 xc 3.19 mm IXX 1,058,789 mm
4
Volume 9,399.14 cm3 yc 12.57 mm IY Y 1,026,831 mm
4
Mass 29.39 kg zc 221.64 mm IY Y 643,240 mm
4
4.4.5. Satellite Configurations. The orientation and placement of com-
ponent boxes and components in the M-SAT structure was a balancing act. All
components are required to be housed in aluminum boxes to avoid radiation and
electromagnetic interference. The aluminum component boxes were designed in such
a way that they would attach to the nodes on the isogrid pattern on the primary
structure. The uniqueness of the components and the different isogrid patterns of
MR and MRS SAT led to each box being distinct in its design. Figures 4.11 through
4.14 show the configuration of the satellites, including “flowered” views displaying
the component placement.
Figure 4.11. MR SAT Configuration
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Figure 4.12. MR SAT Flowered View
Figure 4.13. MRS SAT Configuration
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Figure 4.14. MRS SAT Flowered View
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5. ISOGRID DESIGN AND ANALYSIS
5.1. BACKGROUND
The establishment of new, lightweight, economical, and efficient structural con-
cepts for aerospace structures has long been an objective of NASA and the aerospace
industry.[31]. Lightweight, compression-load-carrying structures form part of all air-
craft, booster, and space vehicle structures. In 1964, Dr. Robert R. Meyer un-
der a NASA-MSFC contract, set out to find the optimum stiffening pattern for
compressively-loaded domes. His goal was to find a structural arrangement that
negated the shortcomings of, the 0-90 degree and 45-degree patterns without intro-
ducing other penalties such as increased mass. The concept that was found to be the
most promising was triangulation of the stiffening members. This pattern took ad-
vantage of the simple fact that triangular trusses are a very efficient structure. This
work showed significant promise and was extended to cylinders as an Independent
Research and Development program. After many years of development, this stiffen-
ing concept is now being used for spacecraft structures. The new structure is called
“isogrid” since it acts like an isotropic material.
Isogrid structures have the following properties:
• A lattice of intersecting ribs forming an array of equilateral triangles
• Characteristics:
– Isotropic (no directions of instability or weakness)
– Poisson’s ratio 1/3
– Efficient in compression and bending
• Advantages:
– Easily analyzed
– Can be optimized for wide range, of loading intensities
– Standard pattern for attachment nodes, accommodate equipment mount-
ing, without change)
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– Readily reinforced for concentrated loads and cutouts
– Redundant load paths
– Less structural depth
5.2. ISOGRID ANALYSIS
The isogrid rib-grids are analytical analyzed by averaging the grid properties so
that the gridwork is considered as a solid continuous sheet of material with appropriate
elastic properties. It can be shown that if one assumes a uniaxial state of stress in the
bars, the smeared-out elastic constants are identical to those of an isotropic material
in plane stress.
The isogrid rib pattern consist of a network of equilateral triangles; see Figure
5.1. Hooke’s law relationships are developed by isolating an element of gridwork
assuming that individual bars are in a state of uniaxial stress.
Figure 5.1. Isogrid Element
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Using strain transformation laws [32] [31]
ei = ex · cos2 θi + γxy · sin θi · cos θi + ey · sin2 θi (11)





















Strain transformation is invertible, so that if e1, e2, e3 are known (for example



















The uniaxial bar loads for unit thickness is given by
Pi = bEei (14)
where, i = 1, 2, 3
Resolutes of the bar loads in the x and y directions divided by the periodic
lengths, a and
√
3a give the mean value stresses in the grid element, as
σx =


















τxy = τyx =






Using Equation 12 and Equation 14 in Equation 15
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 σxσy











Comparing Equations 16 and 17 with Hooke’s law for isotropic materials in
plane stress gives  σxσy









Therefore it can be seen that Equations 18 and 19 are special cases of equation
16 and 17; where





5.3. ISOGRID PANEL DESIGN AND ANALYSIS
Design of isogrid panel is a three-part process. After the initial configuration
and sizing of microsatellite was completed by a member of the SSE lab; refer to
Configuration Manufacture and Integration of University Microsatellite [6]. Based
on the configuration size of each panel is determined. Once the initial size of panel
was known an isogrid pattern of equilateral triangles was sized to fit the panel. Once
a suitable isogrid pattern was established equivalent monocoque properties for the
isogrid were calculated. Finally the strength of panel was checked using general
theory of plates approach. This process is repeated until a sufficient panel strength
was achieved.
5.3.1. Isogrid - Geometry. The first step involved in isogrid panel design
is to setup a suitable pattern of equilateral triangles. The isogird pattern needs to
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be such that all of the equilateral triangles fit within the outer dimensions of a side
panel. Figure 5.2 and Table 5.1 defines and identifies the parameters of an isogrid
side panel.
The process begins with selecting the size of the border around the isogrid to
provide mounting locations for brackets. Next the distance “a” between nodes of
isogrid is arbitrarily chosen. Using the chosen node distance the height of an equilat-
eral triangle “h” is calculated. Once both the height and base of equilateral triangle
are known along with the size of border around isogrid, the number of equilateral
triangles that will fit is calculated.
Figure 5.2. Isogrid Geometry Definitions
Finally based on the number of equilateral triangles the coordinates of each node
are calculated. To complete this design process a MATLAB routine was written and
attached in Appendix B. The routine requires the user to input the size of the panel
(L1 and W1), size of border around isogrid (l2 and w2) and the distance between
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Table 5.1. Isogrid Geometry Definitions
Parameter Definition
L1 Length of Panel
W1 Width of Panel
l2 Lengthwise Distance Between Triangle Base and Edged
w2 Widthwise Distance Between Outer Most Node and Edged
a Distance Between Centers of Node
h Height of Isogrid Triangle
b Width of Rib
d Depth of width
t Thickness of Skin
r1 Radius of Fillet
r2 Diameter of Node
center of nodes. The routine also generates a grid coordinates file which can be easily
used in any computer aided design software for designing a isogrid panel.
5.3.2. Isogrid - Equivalent Monocoque E∗ and t∗. The isotropic
properties of isogrid construction allows the use of the extensively developed theory
for plates and shells solutions. General theory of plates and shells is expressed in
terms of the bending and extensional stiffness, but at times Young’s modulus and
thickness are need for analysis [32][31]. For such cases, it is possible to determine an
equivalent monocoque thickness, t∗ and Young’s modulus.












[3α(1 + δ)2 + (1 + α)(1 + αδ2)] (24)











Detailed discussion and derivation of these quantities can be found in Isogrid
Design Handbook [31]. The values of E∗ and t∗ are now iterated for unit thickness to
a very small value to approximate a skinless isogrid.
For isotropic material extensional stiffness and bending stiffness is given by
Equations 27 and 28 respectively by writing the same equation in terms of E∗ and
t∗ and simplifying them in terms of original material properties and nondimensional
quantities that will give the equivalent bending stiffness and extensional stiffness for

















In using Equation 25 and 26 caution is required. Since t∗ and E∗ reproduce the
required bending and extensional stiffness D and K it is important to note that these
are related to stress resultants and stress couples only and not to stresses. Thus,
the equations into which t∗ and E∗ are to be substituted must be expressed in terms
of stress resultants and couples. Use of E∗ and t∗ for deflections is also possible
since deflections are geometrically related to strains [31]. Although t∗ can be used for
analysis purpose; for mass equivalence Equation 31 has to be used.
t = t(1 + 3α) (31)
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To complete this part of isogrid panel design a MATLAB routine was written
and is presented in Appendix C.
5.3.3. Isogrid - Strength Check. The last step in design is to check the
strength of the isogrid panel to survive the limit loads specified in Section 3. Since
equivalent material properties of isogrid panel are now known they can be used in
general theory of plates. This analysis will allow one to quickly ascertain that if
the designed isogrid side panel has sufficient strength to survive launch loads. In this
analysis the equivalent plate is analyzed for two boundary conditions: all sides simply
supported and all sides clamped. The load was considered to be a uniformly applied
pressure load. These boundary conditions and loading were chosen as the solution
for them is very well known and easily verifiable using simple finite element analysis.
The process begins with calculating bending and extensional stiffness of the






Now the uniform pressure load was calculated as function of the panels mass





A factor os safety of two is chosen in the equations above to have sufficient
strength in order to use isogrid panels as a component-carrying panel.
In general, deflection of an isotropic simply-supported plate under uniform load-

































and a, b are panel lengths. Equation 34 can be simplified for a plate under uniform










The numerical values of C1, C2 and C3, can be found by curve fitting the values
provided in “Stress in Beams, Plates, and Shells”; refer to [32]. These values depend
on aspect ratio of plate.









Where z is the location at which stress is calculated in thickness direction.
Similarly for clamped plate under uniform pressure load from ”Stress in Beams,
Plates, and Shells”; refer to [32]. It can be shown that maximum displacement and









Finally the margin of safety is calculated using Equation 10. It is desirable to
have a very high margin of safety in this analysis and to have maximum deflection
less than half the thickness of plate. Once it is verified that the panel has sufficient
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strength, the design of the isogrid panel is complete. To simplify the process men-
tioned in this section a MATLAB routine was written and is provided as Appendix
D.
5.3.4. Isogrid - Local Stress in Rib. The analysis of isogrid panels in the
previous section concentrated on behavior of the entire panel. It is important to verify
analytically that each isogrid rib around a node carrying a load such as component
boxes has adequate strength.
Figure 5.3. Load Applied on Node
Let point Q be the point on rib at which stress is to be computed and the
distance between Q and origin be r. The rib makes an angle θ from the origin. Let
the concentrated load P be applied at the origin O and be directed along the positive


















[1− ν + 2(1 + ν) cos2 θ] (43c)
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Although Nx, Ny and Nxy become infinite at r = 0 this is not a problem as
stresses are not calculated at nodes; they are only calculated at distance farther away









To analyze every location on isogrid panel where a component is connected
a MATALB routine was written (this routine is presented in Appendix E). The
resulting stress in the ribs around each box can be seen in Table 5.2. The variation


































6. FINITE ELEMENT ANALYSIS
Finite element analysis (FEA) allows detailed visualization of how a structure
deforms under a load regime; it also allows the visualization and computation of
stresses and displacements. Finite element analysis software provides a wide range
of simulation options for controlling the complexity of both the model and analysis
of a system. Finite element analysis along with computer aided drafting allows the
engineering product development team to construct, refine, and optimize a design
before it is put into production. FEA is a powerful engineering tool that has sig-
nificantly improved both the standard of engineering design and the methodology of
the design process in many industrial applications [33]. Finite element analysis has
substantially decreased the time to take products from concept to the production line
[33]. In summary, benefits of FEA include increased accuracy, enhanced design and
better insight into critical design parameters, virtual prototyping, fewer hardware
prototypes, a faster and less expensive design cycle, increased productivity, decreased
testing time and increased revenue [33].
As mentioned earlier, because spacecraft structures are complex a complete an-
alytical analysis is not possible. Application of the finite element method is often the
only way to understanding the behavior of the structure. Isogird analysis gives some
insight into the structural behavior but fundamentally lacks in providing information
about how the assembled structure will behave in the launch environment. The M-
SAT team has chosen and implemented ANSYS [4] as the FEA software package. In
order to properly understand the FEA process, one must first understand the differ-
ent aspects of the finite element analysis process. The section begins with the types
of analysis and goes on to describe the process and results of FEA. At the end, the
results of analysis of the M-SAT spacecraft are presented.
6.1. TYPE OF ANALYSIS
The first stage for any finite element analysis is to identify the type of analysis
required. The type of analysis depends on the load conditions. If a time dependent
load is to be analyzed then it would be suitable for a transient analysis. On the
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other hand, if the load is independent of time then it can be solved using a static
analysis and so on. In this section different types of analyses are listed along with
their limitations, applications and how they were used to complete the structural
analysis of a microsatellite.
6.1.1. Static Analysis. A static analysis calculates the effects of steady
loading conditions on a structure, while ignoring inertia and damping effects, such as
those caused by time-varying loads. A static analysis can, however, include steady
inertia loads, such as gravity and rotational velocity, and time-varying loads that can
be approximated as static equivalent loads (such as the static equivalent wind and
seismic loads commonly defined in many building codes).
Static analysis determines the displacements, stresses, strains, and forces in
structures caused by loads that do not induce significant inertia and damping effects.
Steady loading and response conditions are assumed; i.e., the loads and the structure’s
response are assumed to vary slowly with respect to time. The types of loading that
can be applied in a static analysis include:
• Externally applied forces and pressures
• Steady-state inertial forces (such as gravity or rotational velocity)
• Imposed (nonzero) displacements
• Temperatures (for thermal strain)
A static analysis can be either linear or nonlinear. All types of nonlinearities
are included - large deformations, plasticity, creep, stress stiffening, contact (gap) ele-
ments, hyperelastic elements etc. Nonlinear analysis is only performed when material
behavior is different, deflection is greater that thickness of the object, stress stiffening
effects of material, complex joints etc.
This analysis is used for proving the structural strength of MR and MRS SAT
to survive launch limit loads mentioned in Section 3
6.1.2. Modal Analysis. Modal analysis is used to determine the vibration
characteristics (natural frequencies and mode shapes) of a structure or a machine
component while it is being designed. The natural frequencies and mode shapes are
important parameters in the design of a structure for dynamic loading conditions. It
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also serves as a starting point for another, more detailed, dynamic analysis, such as
a transient dynamic analysis, a harmonic response analysis, or a spectrum analysis.
Modal analysis using ANSYS is a linear analysis. Any nonlinearities, such as
plasticity and contact gap, are ignored even if they are defined. This is a limitation
of ANSYS. This is not a concern to the M-SAT analysis, as the structure is designed
to have linear behavior and the materials used in construction all behave linearly.
There are several mode-extraction methods: Block Lanczos, Supernode, PCG Lanc-
zos, reduced, unsymmetric, damped, and QR damped. The damped and QR damped
methods allows users to include damping in the structure. The QR Damped method
also allows for unsymmetrical damping and stiffness matrices. Detailed information
on the mode extraction methods can be found in the ANSYS Users Guide [34].
This analysis is used to identify the different modes and natural frequency of
the satellites. It is also used to demonstrate that the structure meets the required
natural frequency of 100 Hz.
6.1.3. Harmonic Analysis. In a structural system, any sustained cyclic
load will produce a sustained cyclic or harmonic response. Harmonic analysis results
are used to determine the steady-state response of a linear structure to loads that
vary sinusoidally (harmonically) with time, thus enabling verification of whether or
not designs will successfully overcome resonance, fatigue, and other harmful effects
of forced vibrations.
This analysis technique calculates only the steady-state, forced vibrations of a
structure. The transient vibrations, which occur at the beginning of the excitation,
are not accounted for in a harmonic response analysis. In this analysis all loads as
well as the structures response vary sinusoidally at the same frequency. A typical
harmonic analysis will calculate the response of the structure to cyclic loads over a
frequency range (a sine sweep) and obtain a graph of some response quantity (usually
displacements) versus frequency. Peak responses are then identified from graphs of
response vs. frequency and stresses are then reviewed at those peak frequencies.
In ANSYS, the harmonic response analysis is a linear one. Some nonlinearities,
such as plasticity are ignored, even if they are defined due to the limitation of the
ANSYS software. Since M-SAT structure is made from the isotropic material and
the deformation expected from the structure is linear, this is not a concern for the
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analysis. All loads and displacements vary sinusoidally at the same known frequency
(although not necessarily in phase). If the reference temperature is set on structure
and if that temperature doesn’t match the environment temperature, a thermally in-
duced harmonic load will result (from the thermal strain assuming a nonzero thermal
expansion coefficient).
This analysis is used to simulate sine sweep test. Harmonic analysis is set
for a frequency sweep from 20 Hz to 500 Hz under constant acceleration of 0.25g’s.
Stress and displacement are calculated at resonant frequencies to identify dynamic
amplification of structural load.
6.1.4. Random Analysis. The loads on a structural system may not always
be known or quantifiable with certainty. Sensitive electronic equipment mounted in
an automobile, for example, experience slightly different conditions each day, due to
changes in engine vibration or pavement roughness, even if the same road is traveled.
A random vibration analysis enables one to determine the response of structures to
vibration loads that are random in nature. Since the input loads are described using
statistical quantities, the outputs are said to be nondeterministic, meaning that the
results can only be known within a certain probability. A random vibration analysis
must follow a modal analysis that extracts the natural frequencies and mode shape.
The excitation is applied in the form of Power Spectral Density (PSD). The
PSD is a table of spectral values vs. frequency that captures the frequency content.
The PSD captures the frequency and mean square amplitude content of the load’s
time history. The square root of the area under a PSD curve represents the root mean
square (rms) value of the excitation. The unit of the spectral value of acceleration,
for example, is G2/Hz. This analysis is based on the mode superposition method.
Hence a modal analysis that extracts the natural frequencies and mode shapes is
a prerequisite. This analysis features base-only excitation. The base excitation is
applied along the specified direction to all entities that have a fixed support boundary
condition. Other support points in a structure such as frictionless surface are not
excited by the PSD.
6.1.5. Transient Analysis. Transient structural analysis in ANSYS is also
called a time-history analysis. This type of analysis is used to determine the dynamic
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response of a structure under the action of any general time-dependent loads. Tran-
sient analysis is used to determine the time-varying displacements, strains, stresses,
and forces in a structure as it responds to any transient loads. The time scale of the
loading is such that the inertia or damping effects are considered to be important. If
the inertia and damping effects are not important, this analysis can be avoided and
a simple static analysis can be performed. A transient structural (ANSYS) analysis
can be either linear or nonlinear. All types of nonlinearities are allowed including but
not limited to large deformations, plasticity, contact, hyperelasticity etc.
A transient dynamic analysis is more involved than a static analysis because
it generally requires more computer resources and in terms of the engineering time
involved. A significant amount of these resources can be reduced by doing preliminary
work to understand the physics of the problem such as analyzing a simpler model first.
A model of beams, masses, springs, and dampers can provide good insight into the
problem at minimal cost. This simpler model may be all that is need to determine
the dynamic response of the structure.
6.1.6. Response Analysis. Response spectrum analysis is widely used
in civil structure designs, for example, with high-rise buildings under wind loads.
Another prime application is for nuclear power plant designs under seismic loads. A
response spectrum analysis has similarities to a random vibration analysis. However,
unlike a random vibration analysis, responses from a response spectrum analysis are
deterministic maxima. For a given excitation, the maximum response is calculated
based upon the input response spectrum. The excitation is applied in the form of
a response spectrum. The response spectrum can have displacement, velocity or
acceleration units. For each spectrum value, there is one corresponding frequency.
The excitation must be applied at fixed degrees of freedom. The response spectrum
is calculated based on modal responses. A modal analysis is therefore a prerequisite. If
response strain/stress is of interest, then the modal strain and the modal stress need
to be determined in the modal analysis. Because a new solve is required for each
requested output, for example, displacement, velocity and acceleration, the content
of “Commands” objects inserted in a response spectrum analysis is limited to solution
commands. The results from the ANSYS solver are displayed as the model’s contour
plot. The results are in terms of the maximum response.
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6.1.7. Thermal Analysis. Thermal analysis is used to determine tempera-
tures, thermal gradients, heat flow rates, and heat fluxes in an object that are caused
by thermal loads that are independent of time. A thermal analysis calculates the
effects of steady thermal loads on a system or component. Thermal analysis may be
either linear, with constant material properties; or nonlinear, with material proper-
ties that depend on temperature. The thermal properties of most materials do vary
with temperature, so the analysis usually is nonlinear. Including radiation effects or
temperature dependent convection coefficient also makes the analysis nonlinear.
6.1.8. Coupled Field Analysis. A coupled-field analysis is a combination of
analysis from different engineering disciplines (physics) that interact to solve a global
engineering problem, hence, coupled-field analysis is often refereed as multiphysics
analysis. When the input of one field analysis depends on the results from another
analysis, the analyses are coupled. Some analyses can have one-way coupling. For ex-
ample, in a thermal stress problem, the temperature field introduces thermal strains
in the structural field, but the structural strains generally do not affect the temper-
ature distribution. Thus, there is no need to iterate between the two field solutions.
More complicated cases involve two-way coupling. A piezoelectric analysis, for exam-
ple, handles the interaction between the structural and electric fields: it solves for the
voltage distribution due to applied displacements, or vice versa. In a fluid-structure
interaction problem, the fluid pressure causes the structure to deform, which in turn
causes the fluid solution to change. This problem requires iterations between the two
physics fields for convergence. The coupling between the fields can be accomplished by
either direct or load transfer coupling. Some of the applications in which coupled-field
analysis may be required are pressure vessels (thermal-stress analysis), fluid flow con-
strictions (fluid-structure analysis), induction heating (magnetic-thermal analysis),
ultrasonic transducers (piezoelectric analysis), magnetic forming (magneto-structural
analysis), and micro-electromechanical systems (MEMS).
6.2. ELEMENT TYPE
The choice of the element type (0D, 1D, 2D & 3D) is closely related to the
construction of the structure. In general, membranae elements (2D) are used for
thin plates and sheet material. Beam elements are used for stiffeners and stringers
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stringers. 3D elements are used for thick structures and when stresses in thickness
direction are significant. Sometimes elements are chosen based on material properties
as these elements better model material behavior. In the idealization of the model,
more elements are used where stress concentration is expected or where the geometry
is complex. The displacement function of element also govern its use. If complete
behavior of the model is not required then the element having outputs required by
results are used to reduce computational time and resources.
6.3. MATERIAL PROPERTIES
Not all material properties are required for performing finite element analysis.
The required material properties depend on the analysis type and element used. Beam
elements and shell elements require real constants that are cross sectional properties
of the beam section.
6.4. MASS DISTRIBUTION
Mass distribution of the finite element model should approximate the real struc-
ture as when effects of mass are important for analysis then results from this analysis
can be skewed. Modal analysis, harmonic analysis, response analysis, random vibra-
tion analysis all are sensitive to mass distribution.
6.5. MESH SIZE AND TYPE
A critical step in finite element analysis is meshing before meshing the model.
Even before the finite element model is built, it is important to think about whether
a free mesh or a mapped mesh is appropriate for the analysis. A free mesh has
no restrictions in terms of element shapes, and has no specified pattern applied to
it. A mapped mesh is restricted in terms of the element shape it contains and the
pattern of the mesh. A mapped area mesh contains either only quadrilateral or only
triangular elements, while a mapped volume mesh contains only hexahedron elements.
In addition, a mapped mesh typically has a regular pattern, with obvious rows of
elements. If a mapped mesh is required the geometry must be built as a series of
fairly regular volumes and/or areas that can accept a mapped mesh. Mapped mesh is
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extremely time consuming and computationally intensive which depends on element
type as discussed in Section 6.2.
6.6. BOUNDARY CONDITIONS
After discretization the model, the next important part of FEA is to apply
constraints. Constraints restrict the motion of nodes. Each node has degrees of
freedom (DOF) that can be constrained. Degrees of freedom of an element can be
constrained through keypoints, nodes, lines, surface and body. Table 6.1 list the
available degrees of freedom in ANSYS.
6.7. APPLIED LOADS
The type of analysis governs the load and limits what loads can be applied to the
finite element model; for example, modal analysis does not allow any kinds of loads to
be applied. Loads can be applied on keypoints, lines, area, nodes and element faces.
No matter how the loads are specified, the solver expects all loads to be in terms
of the finite element model. Therefore, if loads are specified on the solid model, the
program automatically transfers them to the nodes and elements at the beginning of
solution. Table 6.2 shows available types of forces (concentrated loads) for nodes and
key points in each discipline. Table 6.3 and 6.4 show available load types for surface
and body respectively in different fields.
6.8. DAMPING
The response of structures, as a result of the dynamic loads, depends strongly
on the damping properties. It is therefore important to understand the damping
properties of the structure. The mechanisms that causes damping in a structure are
complex and difficult to understand. The most important causes of damping are:
damping in material and damping in joints. Generally, damping is mathematically
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modeled with viscous-damping, structural-damping, visco-elastic-damping, Coulomb-
damping or nonlinear damping.
6.9. JOINTS
Connections between the various structural parts are generally only roughly
included or completely left out of the finite element model of the total structure. If
it is required to predict the behavior of the joint, it requires more elements and a
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Table 6.2. ANSYS Forces Available
Discipline Force ANSYS Label
Structural
Forces FX, FY, FZ
Moments MX, MY, MZ
Thermal Heat Flow Rate Heat, H
Magnetic






Fluid Fluid Flow Rate FLOW
Table 6.3. ANSYS Surface Loads Available















Fluid structure interaction IMPD
Impedance
higher number of nodes. Generally, when joints are ignored the structure results in a
slightly stiffer model.
6.10. RESULTS REQUIRED
The analysis type determines the results available to examine after a solution
is computed. In a structural analysis, general interest is in equivalent stress results
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Table 6.4. ANSYS Body Loads Available













Volume Charge Density CHRGD
Fluid
Heat Generation Rate HGEN
Force Density FORC
or maximum shear results. In the Mechanical Application section the number of
available results for postprocessing are listed below for structural analysis:
• Deformation
• Stress and Strain








– Maximum Equivalent Stress
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– Maximum Shear Stress
– Mohr-Coulomb Stress
– Maximum Tensile Stress
• Structural probes used to record values at particular node or location as fre-
















– Generalized Plane Strain
6.11. ANALYSIS PROCEDURE
Below the process of finite element analysis is listed:
Preprocessing: The first phase involves building geometry and discretization of
model.
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Model: The first step in finite element analysis is to create a representative
model of the structure to be analyzed.
Element: The second step is to select an element type that will not only ac-
curately represent the physical structure but also have enough DOFs for
acquiring results required. To represent M-SAT 2D shell element “Shell
181” is used to represent the plates, 0D element “Mass 22” element is used
to represent components boxes in structure and contact element “Contact
177” is used to represent contact between plates.
Material Properties: Next the material properties of the structure are de-
fined. The material properties used for the M-SAT analysis are listed in
Table 4.3.
Real Constants: If 0D elements are defined, i.e. point masses, the mass needs
to be specified. If 1D elements are used the cross-section of the geometry
needs to defined and its inertia and areas need to be input. If 2D elements
are used generally thickness of the structure needs to define. Generally
3D elements do not require any real-constants defined. In case of M-SAT
structure shell element 181 requires the thickness to be defined, thickness of
each individual panel is defined as real constant. Since component boxes
are represented with 0D elements mass of each boxes is defined as real
constant.
Mesh (Discretization): The last step in preparing the finite element model is
meshing. This step is where the actual model is discretized into multiple
elements. The shape of the elements greatly depends on element type
and whether the mesh is free or mapped. A mapped mesh is structured
mesh where either only quadrilateral elements or triangular elements are
used on the geometry. Free mesh is generally easy to apply on complex
structures like the satellite structure. An example discretized model of a
microsatellite can be seen in Figure 6.1
Solution: Once the finite element model is completed the next step is to set up
physics of the problem.
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Figure 6.1. Discretized Finite Element Model
Boundary Conditions: Almost all structures are connected to some other
structure thereby constricting the motion of structure. In the case of mi-
crosatellite, they are connected to the launch vehicle. These points are
considered as constraint points in the finite element model. MR SAT is
connected to launch vehicle using a Lightband adapter with 24 bolt loca-
tions. Figure 6.2 shows the locations of the 24 holes for attaching MR SAT
to the launch vehicle.
Figure 6.2. MR SAT Constraint Location
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MRS SAT is connected to the top panel of MR SAT using a quick release
bolt and three cup cones are located radially and 120o apart from the
center to restrict the lateral motion of MR SAT. Figure 6.3 shows the top
and bottom panel and connection locations.
Figure 6.3. MRS SAT Constraint Location
Loads: The last step before solving the finite element model is to apply loads.
Depending on type of analysis, loads vary for a microsatellite. The loads
discussed in Section 3 serve as loads for the analysis.
Static: Generally there are no setups required for a static solution. Both
constraints and loads are required to solve for the static solution.
Modal: The modal solution is not much different compared to the static
analysis, the major difference being that the eigenvalue problem is
being solved. No loads are considered for this solution except gravity.
Harmonic: Harmonic analysis is similar to modal analysis but also in-
cudes forces all forces varying sinusoidally. The solver is set to sweep
through frequency and responses are calculated at a number of points
defined between sweep frequency. Results are only calculated at fre-
quency specified by the user.
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Random: Random analysis involves exciting the structure at its con-
straints with a load defined by power spectral density.
Postprocessing After solution is achieved the last step is to get the desired results.
6.12. RESULTS
6.12.1. MR SAT Static Analysis. The first part of finite element analysis
on a satellite structure deals with strength qualification of the satellite. The finite
element analysis was set up with all boxes modeled as concentrated masses at locations
where they are mounted on the isogrid panels as shown in Figure 6.4.
Figure 6.4. MR SAT Static Finite Element Analysis Setup
A static load of 20 G along each of the three axes was applied. Results for total
maximum deformation and maximum equivalent stress on the structure are tabulated
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in Table 6.5; overall distribution of deformation and stress are shown in Appendix G
Figures G.1 to G.12 with a minimum safety margin of 8.93. The MR SAT structure
therefore has enough strength to survive the design load.
Table 6.5. MR SAT Structure Margin of Safety
Loading Max. De-
formation
Max. Stress M.S. Yield M.S. Ultimate
+ 20 G X-axis 0.1286 mm 11.187 MPa 10.09 8.93
- 20 G X-axis 0.1286 mm 11.187 MPa 10.09 8.93
+ 20 G Y-axis 0.1464 mm 11.192 MPa 10.08 8.93
- 20 G Y-axis 0.1464 mm 11.192 MPa 10.08 8.93
+ 20 G Z-axis 0.1101 mm 4.2431 MPa 28.25 25.19
- 20 G Z-axis 0.1101 mm 4.2431 MPa 28.25 25.19
6.12.2. MRS SAT Static Analysis. The first part of the finite element
analysis on a satellite structure deals with strength qualification of the satellite. The
finite element analysis was set up with all boxes modeled as concentrated masses at
location where they are mounted on isogrid as shown in Figure 6.5.
A static load of 20 G along each of the three axes was applied. The results
for total maximum deformation and maximum equivalent stress on the structure are
tabulated in Table 6.6; overall distribution of deformation and stress are shown in
Appendix H Figures H.1 to H.12 with a negative safety margin of -0.61. Thus the
MRS SAT structure does not have enough strength to survive design load. The major
reason of the failure is due to just one center bolt securing MRS SAT to MR SAT.
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Figure 6.5. MRS SAT Static Finite Element Analysis Setup
Table 6.6. MRS SAT Structure Margin of Safety
Loading Max. De-
formation
Max. Stress M.S. Yield M.S. Ultimate
+ 20 G X-axis 2.5367 mm 376.89 MPa -0.67 -0.62
- 20 G X-axis 2.6346 mm 369.18 MPa -0.66 -0.61
+ 20 G Y-axis 2.4381 mm 379.21 MPa -0.67 -0.62
- 20 G Y-axis 2.4900 mm 380.63 MPa -0.68 -0.62
+ 20 G Z-axis 7.7284 mm 677.70 MPa -0.81 -0.78
- 20 G Z-axis 7.3600 mm 648.21 MPa -0.81 -0.77
6.12.3. MR SAT Modal Analysis. The modal analysis was conducted
to identify the natural frequency of the structure. The first natural frequency of MR
SAT was found to be 225.42 Hz. Table 6.7 shows the first ten modes of the MR SAT
structure and Figure G.13 to G.17 in Appendix G show first five mode shapes.
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6.12.4. MRS SAT Modal Analysis. The modal analysis was conducted
to identify the natural frequency of the structure. The first natural frequency of MRS
SAT was found to be 292.88 Hz. Table 6.8 shows the first five modes of the MRS SAT
structure and Figure H.13 to H.17 in appendix G show the first five mode shapes.










Satellite vibration tests were conducted on an electrodynamic shaker at the
Caterpillar facility in Peoria, Illinois, under the direction of Caterpillar test personnel.
The power source for shaker table was the power amplifier to the shaker (model SPA-
56K), which has a 24 kVA output. The shaker (model V860-610) manufactured by
Ling Dynamic Systems was used for testing. The shaker controller (model VR8500)
was manufactured by the Vibration Research Corporation in Grand Rapids, Michigan.
The satellites are shown mounted to the shaker table in Figure 7.1. The setup
shown in figure is configured perform vibration tests in the Z-direction, as denoted by
the spacecraft reference frame in Figure 4.10. The shaker table must be rotated 90
degrees to perform vibration tests in the X-direction and Y-direction. A Caterpillar
employee used a crane to rotate the shaker table is shown in Figure 7.2.
Figure 7.1. MR SAT (Left) and MRS SAT(Right) Shown Mounted to the Shaker
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Figure 7.2. Rotating the Shaker Table for X-Axis and Y-Axis Tests
Custom mounting fixtures for MR and MRS SAT, illustrated in Figures 7.3 and
7.4, were designed by the M-SAT Structures subsystem. The mounting fixture for
MR SAT is designed with 24 bolt locations for the rigid attachment of MR SAT and
to replicate integration of the satellite with the launch vehicle separation mechanism.
The MRS SAT mounting fixture was designed to replicate the interface with the top
plate of MR SAT shown in Figure 4.1.
Figure 7.3. MR SAT Fixture
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Figure 7.4. MRS SAT Fixture
Computer Aided Design (CAD) diagrams of the bottom plates of MR SAT and
MRS SAT are shown in Figures 6.2 and 6.3, respectively. MR SAT was attached
to the mounting fixture using the 24 bolt locations along the circumference of the
plate, which measure 7.137 mm in diameter. Figure 6.3 indicates the locations where
MRS SAT was mounted using #10 stainless steel bolts. The dimensions are given in
millimeters and [inches].
7.2. TEST PLAN
The test plan generally refers to the plan for testing a specific hardware item,
such as the flight spacecraft. It is a common requirement that vibration tests be per-
formed in a certain sequence, such that subsequent tests should be more benign than
the ones preceding them. In this way, the early tests should prove the survivability
of the spacecraft. The test plan is usually prepared well in advance of the actual
test. Its purpose is to present a description of the test for review and editing and to
facilitate coordination of the many activities that must take place for the test item
and test facility to be ready and the test to be successful. A typical environmental
test flow for spacecraft is shown in Figure 7.5 [1].
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Figure 7.5. Microsatellite Environmental Test Plan [1]
In keeping with the environmental test flow, the M-SAT team performed an
initial swept sine test to verify that the fundamental frequency of the spacecraft
corresponded to the team’s finite element analysis. A sine burst test was subsequently
performed, followed by an intermediate swept sine test. The vibration signature of
the second swept sine test was compared to the initial vibration signature to assist in
determining whether any structural damage occurred during the sine burst test. As
flight electronics were not incorporated into the test structure, an aliveness test was
inapplicable. Finally, a random vibration test was conducted, followed by another
swept sine test to again obtain the vibration signature. The M-SAT vibration test
plan stated that the swept sine, sine burst, and random vibration tests be performed
on MR SAT, MRS SAT, and the spacecraft docked configuration, independently,
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along three mutually perpendicular axes. Since there were no electronic components
installed for this round of test, the aliveness test was skipped.
7.3. TEST PROCEDURE
Below is a list of the procedures used for every test configuration:
1. Bolt the respective satellite mounting fixture to the shaker table head.
2. Attach the accelerometers at the predetermined locations on the satellite using
Loctiteradhesive.
3. Record the accelerometer sensitivities and calibration dates.
4. Bolt the satellite to the mounting fixture.
5. Plug accelerometers into the data acquisition system.
6. Input accelerometer sensitivities and calibration dates into the Caterpillar in-
house graphical programming environment for reference.
7. Input the desired test specifications for the signal generator.
8. Input the test abort limits.
9. “Run” the test using the Caterpillar in-house graphical programming environ-
ment.
10. Monitor the test activity in real-time to ensure nominal performance.
11. Perform a post-test analysis to determine if the test objectives were accom-
plished. If not, the probable cause of failure should be determined, and a
decision should be made with regards to retesting.
12. Export the test results and graphs to a word processing and spreadsheet format
for future results analysis.
For the safety of all test personnel, the following precautions were taken:
1. Ear plugs were worn when the shaker table was in operation.
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2. Hard hats and protective eyewear were used in the test facility.
3. Trained Caterpillar personnel were present during a test to ensure the safe
operation of the shaker table.
7.4. RESULTS
The experimental vibration tests were conducted in March of 2010 at Caterpillar.
Due to time limitations not all test were completed. All tests along Z-axes and X-axes
were performed. The test reference frame is shown in Figure 4.10. The plotted results
are shown in Appendix I.
7.4.1. MR SAT Z-Axis Sine Sweep. MR SAT sine sweep test was set up as
per the test requirement set in Section 3.2.1. As seen in Figure I.1, control acceleration
closely follows the demanded 0.25 G acceleration. Originally, the test limits were set
for typical values of ±3 (dB) for warnings and ±6 (dB) for abort. However, after
the first sweep it was found that at about 600 Hz the shaker would cut off due to
fixture/armature resonance. To avoid this, the test abort limits and warning limits
were widened to ±6 (dB) and ±12 (dB) for warning and abort respectively. The
second plot in Figure I.1 shows the response of the MR SAT structure at the top
panel, battery box and propulsion tank mount. It is clear that the first peak response
occurs at 163.5 Hz at which, the battery box shows a response of 3.537 G. At 572.5 Hz,
the response acceleration of the propulsion tank peaked at 15.78 G; and the largest
measured response overall in the system occurred in the top panel at 200.7 Hz, where
the acceleration reached 48.64 G. Fortunately, the first major response occurs well
above 100 Hz (the minimum required fundamental frequency of structure).
Another objective of the sine sweep test is to determine the amplification of
the excitation input from the launch vehicle interface to the various components of
the satellite, a quantity commonly know as “transmissibility”. Transmissibility is
defined as the ratio of input acceleration to output acceleration. Figure I.2 shows
the transmissibility of the MR SAT structure to input acceleration. The maximum
dynamic response of 150.6 G is observed on top panel at frequency of 200.7 Hz.
7.4.2. MR SAT Z-Axis Sine Burst. As mentioned in Section 3.2.2 the
sine burst test is used to induce quasi-static qualification load into a structure to
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verify the strength adequacy of the structure. The sine burst test is performed at
1.2 times the limit load at one-third the lowest natural-frequency of the structure.
In the case of MR SAT the limit load is 20 G, therefore the test is performed at 24
G at frequency of 54.5 Hz since the first peak responses occurs at 163.5 Hz. Once
again warning limits and abort limits were set to the normal standards of ±3 (dB)
and ±6 (dB) respectively. Figure I.3 in Appendix I shows the acceleration spectral
density plots for the test. The acceleration spectral density plots is useful because it
defines the distribution of average vibration energy with frequency. The square root
of the integral of the ASD divided by frequency is defined as the root-mean-square
(RMS) acceleration, Grms, which is used to compute stress in the structure. Figure I.4
represents the grms values with respect to time for the control and response locations
of the satellite. The Z-axis sine burst test was normal and there was no evidence of
permanent deformation or damage to the test article, thus qualifying the strength of
structure.
7.4.3. MR SAT Z-Axis Random Vibration. Random vibration consists
of many frequencies occurring simultaneously, i.e. noise. These tests are conducted
primarily to test and qualify spacecraft parts by simulating the fairing acoustic en-
vironment and rocket engine noise. The random vibration test levels are provided in
Section 3.2.3. The abort limits were set to ±4 dB, and the warning limits were set to
±2 dB. In addition, with random vibration testing, one can decide how many lines
(different frequency bands) can be exceeded before a warning or abort is activated.
This value was set to 80 lines for both the alarm and abort levels; however, all of the
random vibration tests in this research were controlled satisfactorily over their entire
frequency bandwidths, so this limit was never a factor.
Figures I.5 and I.6 in Appendix I show the acceleration spectral density andGrms
plots, respectively. The control plots show that the desired test levels were achieved.
No permanent deformation or structural damage occurred, indicating that the MR
SAT structure can withstand the anticipated random vibration loads at launch.
7.4.4. MR SAT X-Axis Sine Sweep. According to the requirements, a
sine sweep test should be performed along three mutually perpendicular axes. Figure
I.7 in Appendix I shows the control and response acceleration during a sweep from
20 Hz to 2,000 Hz. Again, the limits were set to ±6 dB for the warning and ±12 dB
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for abort. The fundamental natural frequency along the X-axis was 154.7 Hz, which
exceeds the minimum stiffness requirement of 100 Hz. The transmutability response
of MR SAT to input force is shown in Figure I.8. The maximum response of 28.6 G
occurs on the battery box at 204.9 Hz.
7.4.5. MR SAT X-Axis Sine Burst. The initial sine sweep indicated
that the lowest natural frequency of the MR SAT structure along the X-direction was
154.8 Hz, so it follows the test is performed at 24 G at a frequency of 51.6 Hz. Once
again warning limits and abort limits were set to normal standards of ±3 (dB) and
±6 (dB) respectively. Figure I.9 shows the acceleration spectral density plots for the
test, while figure I.10 represents the grms values with respect to time for the control
and response locations of the satellite. The X-axis sine burst test was normal and
there was no evidence of permanent deformation or damage to the test article, thus
qualifying the strength of structure along X-axis.
7.4.6. MR SAT X-Axis Random Vibration. These tests are conducted
primarily to test and qualify spacecraft parts by simulating the fairing acoustic en-
vironment and rocket engine noise. The random vibration test levels are provided
in Section 3.2.3. The abort limits were set to ±4 dB, and the warning limits were
set to ±2 dB. Figure I.11 shows the acceleration spectral density plots of control and
response of shaker and satellite respectively. The root-mean-square acceleration plots
are provided in Figure I.12. The control Grms plot indicates that the overall Grms is
approximately 9.24, as desired. Since no permanent deformation or structural dam-
age occurred, the test indicates that MR SAT can withstand the anticipated random
vibration loads along the X-axis during launch.
7.4.7. MRS SAT Z-Axis Sine Sweep. The acceleration plots of response
of MR SAT structure and average control of the shaker for the Z-axis sine sweep test
are plotted in Figure I.13. The test limits were set to ±6 dB for the warning and ±12
dB for the abort. The fundamental natural frequency was 236.4 Hz, which exceeds
stiffness requirements. The transmissibilities for MRS SAT structure are in plotted
in Figure I.14.
7.4.8. MRS SAT Z-Axis Sine Burst. The initial sine sweep indicated that
the lowest natural frequency of the MRS SAT structure was 236.4 Hz, so it follows that
78.8 Hz was used as test frequency. The test limits were set to the typical default
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values of ±3 dB for the warning and ±6 dB for the abort. Figure I.15 shows the
acceleration spectral density plots for the response and average control accelerometers
on the satellite, and Figure I.16 shows the root-mean-square acceleration plots.
During the vibration testing of the MRS SAT configuration, it was discovered
that the cup/cone and the bolting arrangement was not sufficiently rigid and caused
excessive relative motion. To avoid damage to the spacecraft, the test was aborted
before reaching the peak load of 24 G. A decision was made to forgo the rest of the
MR and MRS SAT configuration testing, so no results were obtained.
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8. CONCLUSION
The analysis of the M-SAT was a long process with limited resources and com-
putational power available. This research focused on the best possible analysis solu-
tion with available recourses to complete objective of analysis of M-SAT structure.
Initially focus is given to comparison of results between finite element analysis and
vibration testing. After this several finite element analysis approaches that were pur-
sued but not fruitful are documented documented in lessons learned. Finally future
work that needs to be completed is discussed in order to complete the structural
analysis of M-SAT microsatellite.
8.1. FINITE ELEMENT RESULTS AND VIBRATION TESTING
One of the key objectives of this thesis was to verify results of finite element
analysis with experimental analysis. Although it is relative difficult to directly com-
pare results of finite element analysis to experiment, as testing results are generally
function of frequency and response is generally in form of acceleration. Results of
finite element analysis are generally independent of frequency and are in the form of
displacements and stresses.
8.1.1. Limit Loading - Static Analysis verses Sine Burst Test. Static
finite element analysis of MR SAT shows that the structure has adequate strength
to survive limit loads. Static analysis is representative of sine burst test as the time
duration of the test is very small and the structure is subject to loads such that the
structure experiences 24 G’s. The result of the sine burst test for MR SAT (Figure I.4)
shows that the structure shows a linear response to the input load. After completion
of sine burst test then a post sine sweep was performed. Results of the post burst sine
sweep and pre burst sine sweep showed no change in peak response. This indicates
the structure is capable of surviving limit loads, thus verifying the results of the finite
element analysis.
Similarly, the MRS SAT FEA in static analysis shows that it will fail at limit
load conditions, and while conducting sine burst testing of MRS SAT, it was seen
that structure could not survive the 12 G loading condition.
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8.1.2. Stiffness - Modal Analysis verses Sine Sweep Test. To verify
if the structure meets the 100 Hz stiffness requirement, modal finite element analysis
is performed while the sine sweep test is performed to check stiffness. The results
obtained from these analyses and test are highly comparable. In the modal analysis of
MR SAT the first natural frequency was found to be 225 Hz, while in physical testing
the first peak response was found to be 200.7 Hz. While the results are fairly close they
are not exactly the same-this difference can be accounted for by the accuracy of the
finite element model and damping. Finite element analysis predicts natural frequency
only, while the physically measured frequency are damped natural frequency. Using
equation 45 damping coefficient (ζ) can be found by substituting natural frequency
(fn = 225 Hz) and damped natural frequency (fd = 200.7 Hz). It is found that MR
SAT has 45.2% damping which is slightly higher than industry standard of 20 to 30%





Similarly, for MRS SAT with natural frequency of 292 Hz and damped natural
frequency of 236 Hz, MRS SAT has damping of 58.8%.
8.2. LESSONS LEARNED
The first ambitious approach to finite element analysis of M-SAT structure was
to create an exact three-dimensional structure replicating the physical structure. Af-
ter completion of meshing and solving this model it was found that due to the many
joints in the assembly that they would cause a pivot error (error caused by exces-
sive deformation of contact elements). Also this approach was very computationally
expensive and could only support static analysis. As static analysis is not sufficient
enough to complete the finite element analysis effort it was evident that a different
method had to be pursued.
A second approach was to simplify the structural isogrid panels to flat panels
using the Isogrid handbook [31]. This allowed simplification of the geometry. Also,
the boxes were transformed into point masses. Although the solution was achieved
relatively easily, according to the handbook the results were only valid for deformation
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(displacement) results as only stiffness were equated in the transformation. Therefore
a complete solution could not be achieved using this method. This method was ideal
to complete all the analysis as well as it was most efficient computational. But due
to limitation a different method had to be pursued.
8.3. FUTURE WORK
Although the work accomplished is extensive it is by no means complete. In
future more analysis need to be conducted. Once the structural issues of MRS SAT
are fixed, the analysis and test of the structure needs to be conducted with simulated
masses in component boxes. If the structure survives this initial testing, then the
engineering unit of satellite needs to be put through the complete qualification test
plan shown in Figure 7.5 and qualification test loads for the microsatellite to qualify
for launch.
At time of this research there were no on campus vibration testing facilities
that would meet the demands of M-SAT structural testing. Since then shaker tables
have been acquired and there installation is currently in progress. This will enhance
the team’s ability to perform testing and eliminate need for the team to travel to
Caterpillar Inc.in Peoria, Illinois.
8.3.1. Next Steps in Finite Element Analysis. After the redesign of
MRS SAT is completed, the following analyses need to be done:
1. Static analysis to check if structure will survive limit loads
2. Modal analysis to see if structure meets the stiffness requirements
3. Harmonic analysis from 20 Hz to 2000 Hz. Stresses and displacement need to
be evaluated at the resonant frequency to see if the structure has an adequate
margin of safety and to understand the dynamic amplification of the structure
to input load
Once adequate computational resources are available team needs to investigate
following analyses:
• Random vibration analysis to verify the structure’s behavior in a vibro-acoustic
environment
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• Shock response spectrum analysis to simulate shock loads
• Transient analysis to replicate sine burst test
• Coupled field analysis to simulate all three load cases: structural, pressure and
thermal simultaneously, thus nearly replicating the actual load environment on
structure
If these analysis are completed accurately team can proceed straight to quali-
fication testing thus eliminating the need for an engineering design unit of the mi-
crosatellite for testing and saving funding.
8.3.2. Analytical Method to Analyze Vibration of the M-SAT Struc-
ture. In a large complex system it is difficult to obtain an analytical solution
to the dynamics of the system. A more common approach to finding approximate
solution is to simplify the structure to a more common geometry whose solution has
been developed or can be obtained with classical theories.
In the case of MR SAT, a similar approach can be taken to solve for the dynami-
cal response for the structure. Figure 8.1 shows the approach in finding the analytical
solution. The solution for MR SAT can be achieved in four steps. The first step in
the process is to transform the isogrid panels to flat rectangular plates such that they
represent equivalent stiffness. The second stage is to connect each individual flat
panel using a spring that accurately represent the stiffness of each joint. Joining of
each panel would be achieved by using theory of receptance for combining structures
[35]. Panel one would be connected to two and so on, and finally panel one would be
connected to panel six. This results in an effective stiffness of six panels. This would
then be mapped to a cylindrical surface thus transforming hexagonal isogrid struc-
tures to effective cylindrical shell. Finally the transformed top and bottom panels
will be attached to cylindrical shell as end caps thus completing the transformation
of hexagonal structure of M-SAT to cylindrical structure with equivalent stiffness.
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Since analytical solution for cylindrical shells with end caps is known behavior of the
M-SAT structure to dynamic loads can be predicted [35].
8.4. CLOSING REMARKS
This thesis documents the entire process of how a microsatellite can be designed,
analyzed, tested qualified for spaceflight. Thesis covers different loads to which space-
craft needs to be designed and tested. It then covers design and analysis of isogrid
stricture most commonly used in small satellite development. Finally it covers finite
element analysis and testing of the spacecraft, thus completing the entire life cycle of
development and testing of microsatellite. The results obtained show that the MR
and MRS SAT structures meet the stiffness requirements set forth, while keeping
within mass, volume and design restrictions. The lessons learned are presented to of-
fer insight for future analysis. A very important lesson learned was that implementing
the finite element analysis early in the design phase would eliminate potential failures
of the structure in the testing phase. Some of the challenges met by the research
are likely typical to those of any small satellite program with limited resources. This
thesis will hopefully help other small satellite programs and the Missouri S&T’s SSE


















































SINE BURST FUNCTION GENERATION
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%% Sine Burst Function Generation
% Using Linear Gradient Function
% Spacecraft structures (pg. 76)
% NASA lesson
% http://klabs.org/DEI/References/






n=1000; % Number of time division
f=33; % Frequency at which sine burst needs to be performed
g=20; % Qausi−Static Load value
m=4; % Slope Of gradient
t=linspace(0,1,n); % Division of time
c=5; %number of cycles at Qausi−Static Load
%% Frequency and Cycle Conversion
w=2*pi*f; % Conversion of frequency in (rad/sec)
ftc=(1/f)*c; % time to complete "c" Cycles




































ISOGRID DESIGN I - GEOMETRY
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%% Isogrid Design I
% Geometry Design and Node Generator
% Use this program to size Isogrid to fit geometric
% limitation of a rectangular panel. Isogrid designed
% with this code can be used for isogrid constructions
% with or without skin constructions as the panel
% thickness is not a function of the geometric
% design.
%






% Input Isogrid Properties as prompted by code
disp(char('*'*ones(1,75)))
fprintf('Stage I Isogrid Geometry Design and Node Generation\n\n')
disp(char('*'*ones(1,75)))
fprintf('Follow on Screen Instructions\n')
fprintf('Refer figures for Isogrid Panel Definition\n')
fprintf('Press Enter to continue \n\n')
pause









%% Input Basic Panel & Isogrid Dimensions
L1=input('Input Length Of Panel (L1 in mm):');
W1=input('Input Width Of Panel (W1 mm):');
93
a=input('Input base of grid triangle (a in mm):');
b=input('Input Width Of rib (b in mm):');
l2=input('Input minimum side length (l2 in mm):');
l2=l2*2;
w2=input('Input minimum width side (w2 in mm):');
w2=w2*2;
%% Calculate Isogrid Triangle height
h=(sqrt(3)/2)*a; % Height Of Equilateral triangle
%% Calculate Length and Width of Area covered by Isogrid
L=L1−l2;
W=W1−w2;
%% Calculate Center of The Panel
CL=L1/2;
CW=W1/2;
%% Calculate Number of Isogrid Triangles in Panel
NL=round(L/h);
NW=round(W/a);




%% Calculate Effective Side Length and widths and check ...






















fprintf('\n Proceed to Strength Check \n')
disp(char('*'*ones(1,75)))
fprintf('\nRun Isogrid Design II and III\n')
fprintf('Code will now generate grid location data file
for NX \n')
fprintf('Remember Grid Data is useful only if Isogrid
passes Strength Check \n\n')
disp(char('*'*ones(1,75)))
fprintf('\n\n\nPanel Designed Properties\n\n')
fprintf('Length of Panel L1 %3.4f mm\n',L1)
fprintf('Width of Panel W1 %3.4f mm\n',W1)
fprintf('Number of Isogirds in Horizontal Direction
%3.0f\n',NW)
fprintf('Number of Isogirds in Vertical Direction
%3.0f\n',NL)
fprintf('Base of Isogirds triangle a: %3.4f mm\n',a)
fprintf('Height of Isogirds triangle h: %3.4f mm\n',h)
fprintf('Width of Isogirds rib b: %3.4f mm\n',b)
fprintf('Effective Side Length l2: %3.4f mm\n',EL2)

























%% Write node definitions to file
N=[N1;N2;N5;N6;N3;N4];
dlmwrite('node.dat', N, 'delimiter', '\t', 'precision',
'%.6f','newline','pc');
fprintf('\nNode Generation Completed file "node.dat"
written\n')
APPENDIX C
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%% Isogrid Design II
% Equivalent Plate Properties of Isogrid
% Use this program to find Equivalent Monocoque plate
% material properties for isogrid without skin.
% ISOGRID WITH NO SKIN
% SEE PAGE 132(4.5.001) AND PAGE 153(4.8.001) of






% Input Isogrid Properties as prompted by code
disp(char('*'*ones(1,75)))
fprintf('Stage II Equivalent Plate Properties of Isogrid
\n\n')
disp(char('*'*ones(1,75)))
fprintf('Follow on Screen Instructions\n')
fprintf('Refer figures for Isogrid Panel Definition\n')
fprintf('Press Enter to continue \n\n')
pause










E=input('Young`s Modulus (E in Pa):'); % Pa
nu=0.33; % Poissons Ratio
%% Isogrid Properties
a=input('Input base of grid triangle (a in mm):');
b=input('Input Width Of rib (b in mm):');
d=input('Input Depth Of rib (d in mm):');
h=(sqrt(3)/2)*a; % Height Of Equilateral triangle
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%% Open Isogrid Equation −−−−>> PAGE 153(4.8.001)
Equation 4.8.1 & 4.8.2
Eeq= E*(b/h);
% Equivalent Open Isogrid Strength
teq=(b*d)/h;
% Equivalent thickness of moncoque of open
%Isogrid for strength
teqw=(3*b*d)/h;
% Equivalent thickness of moncoque of open
% Isogrid for weight





























fprintf('\nRun Isogrid Design III\n')
fprintf('\n\n\n Equivalent Panel Designed Properties\n\n')
fprintf('Young`s Modulus Ebar %3.4e GPa\n',EEq)
fprintf('Thickness Of Panel Tbar%3.4f mm\n',TEq)
fprintf('Young`s Modulus EStar %3.4e GPa\n',EStar)
fprintf('Thickness Of Panel TStar %3.4f mm\n',TStar)
APPENDIX D
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%% Isogrid Design III
% Equivalent Isogrid Plate Strength Check
% Use this program to check strength of Isogrid design
% ISOGRID WITH NO SKIN
% Refer Stress in Beams, Plate and Shells PG 97,185, 216
% Results of this code have been verified against






% Input Isogrid Properties as prompted by code
%% CONSTANTS Properties
g = 9.81; %Gravity (m/sˆ2)
GS = 24; %Design g load
DFSY=2.0; %YIELD FACTOR OF SAFETY REQUIRED NS−7W
DFSU=2.6; %ULTIMATE FACTOR OF SAFETY REQUIRED NS−7
DFSSH=193.053e6; %SHEAR FACTOR OF SAFETY REQUIRED NS−7
%% Material
E=input('Input Youngs Modules of Material (E in Pa):');
Eeq=input('Input Equivalent material (Eeq in Pa):');
Estar=input('Input Equivalent material (Estar in Pa):');
t=input('Input thickness (t in mm):');
teq=input('Input Equivalent thickness (teq in mm):');
tstar=input('Input Equivalent thickness (tstar in mm):');
row=input('Input Density (roh in kg/m3):');
nu=0.33;
%% Geometry
L=input('Input Length Of Panel (L in m):');






a1=input('Input base of grid triangle (a in mm):');
b1=input('Input Width Of rib (b in mm):');
























































































fprintf(' %3.0f %3.6f %3.4e




fprintf(' Simply Supported \n');
disp('')
for I=1:3
fprintf(' %3.0f %3.6f %3.4e




fprintf('Check and see if Margin of safety in above table
is greater than 2 if so Isogrid Design \n is complete and
displacement is half the thickness of plate\n')
APPENDIX E
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%% Isogrid Design IV
% Grid Analysis for load Carrying
% GRID ANALYSIS/Design Program
% ISOGRID WITH NO SKIN
% SEE PAGE 132(4.5.001) AND PAGE 153(4.8.001) OF ISOGRID
% DESIGN PDF (NASA−CR−124075)




g = 9.81; %Gravity (m/sˆ2)
GS = 20; %Design g load
DFSY=2.0; %YIELD FACTOR OF SAFETY REQUIRED NS−7
DFSU=2.6; %ULTIMATE FACTOR OF SAFETY REQUIRED NS−7
DFSSH=1.2*DFSY; %SHEAR FACTOR OF SAFETY REQUIRED NS−7
%% MATERIAL PROPERITES (AL 6061 T6)
E = 69e9; %Young's Modulus Pa
nu = 0.33; %Poisson's Ratio
G = E/(2*(1+nu)); %Shear Modulus Pa
SigmaY = 276e6; %Tensile Strength, Yield
SigmaU = 310e6; %Tensile Strength, Ultimate
SigmaSH= 207e6; %Shear Strength
%% GRID PROPERTIES
d = 0.006; %thickness of plate, m
h = 42.5/1000; %Height of triangle, m
b = 2/1000; %Width of rib web, m
a = 2*h/sqrt(3); % Distance between 2 nodes
theta = 120; % Angle made by Ribs to X axis (degrees)
%% BOX PROPERTIES
n = 4; % # of attachment points
M = 2.597; % Weight of Box kg
%% FORCE ON NODE
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P = (M*g*GS)/n;
%Applied Force (Mass*g*Design g load/# attachment points)
%% FORCE RESULTANTS (EQ 4.5.1/4.5.2/4.5.3)
r = a/2;






























legend('\sigma 1','\sigma 2','\sigma 3')


















RESULTS OF RIB STRENGTH ANALYSIS
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Figure F.1. Panel 1: Power/Reciver/Modem


















Figure F.2. Panel 2: Battery Box
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Figure F.3. Panel 3: GPS





















Figure F.4. Panel 3: Torque Coil
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Figure F.5. Panel 4: Transmitter

















Figure F.6. Panel 4: Bluetooth
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Figure F.7. Panel 5: Computer


















Figure F.8. Panel 6: Magnometer Board
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Figure F.9. Panel 6: Magnometer




















Figure F.10. Panel Top: Release Mechanism
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Figure F.11. Panel Top: Torque Coil


















Figure F.12. Panel Bottom: Propulsion Tank
APPENDIX G
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Figure G.1. Deformation of MR SAT - 20 G Load along Positive X-axis
Figure G.2. Equivalent stress on MR SAT - 20 G Load along Positive X-axis
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Figure G.3. Deformation of MR SAT - 20 G Load along Negative X-axis
Figure G.4. Equivalent stress on MR SAT - 20 G Load along Negative X-axis
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Figure G.5. Deformation of MR SAT - 20 G Load along Positive Y-axis
Figure G.6. Equivalent stress on MR SAT - 20 G Load along Positive Y-axis
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Figure G.7. Deformation of MR SAT - 20 G Load along Negative Y-axis
Figure G.8. Equivalent stress on MR SAT - 20 G Load along Negative Y-axis
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Figure G.9. Deformation of MR SAT - 20 G Load along Positive Z-axis
Figure G.10. Equivalent stress on MR SAT - 20 G Load along Positive Z-axis
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Figure G.11. Deformation of MR SAT - 20 G Load along Negative Z-axis
Figure G.12. Equivalent stress on MR SAT - 20 G Load along Negative Z-axis
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Figure G.13. Mode 1 - 225.42 Hz
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Figure G.14. Mode 2 - 244.27 Hz
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Figure G.15. Mode 3 - 245.17 Hz
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Figure G.16. Mode 4 - 261.25 Hz
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Figure G.17. Mode 5 - 263.06 Hz
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Figure H.1. Deformation of MRS SAT - 20 G Load along Positive X-axis
Figure H.2. Equivalent stress on MRS SAT - 20 G Load along Positive X-axis
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Figure H.3. Deformation of MRS SAT - 20 G Load along Negative X-axis
Figure H.4. Equivalent stress on MRS SAT - 20 G Load along Negative X-axis
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Figure H.5. Deformation of MRS SAT - 20 G Load along Positive Y-axis
Figure H.6. Equivalent stress on MRS SAT - 20 G Load along Positive Y-axis
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Figure H.7. Deformation of MRS SAT - 20 G Load along Negative Y-axis
Figure H.8. Equivalent stress on MRS SAT - 20 G Load along Negative Y-axis
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Figure H.9. Deformation of MRS SAT - 20 G Load along Positive Z-axis
Figure H.10. Equivalent stress on MRS SAT - 20 G Load along Positive Z-axis
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Figure H.11. Deformation of MRS SAT - 20 G Load along Negative Z-axis
Figure H.12. Equivalent stress on MRS SAT - 20 G Load along Negative Z-axis
136
Figure H.13. Mode 1 - 292.88 Hz
Figure H.14. Mode 2 - 405.13 Hz
137
Figure H.15. Mode 3 - 405.82 Hz
Figure H.16. Mode 4 - 516.79 Hz
138
Figure H.17. Mode 5 - 577.49 Hz
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